In physical models that evaluate the stability of hillslope surface soil masses, soil depth contributes directly to slope stability due to its weight and volume, as well as control of groundwater movement. Electrical resistivity imaging (ERI), a noninvasive geophysical technique, is a recently introduced method used to detect geological structures in landslide-prone areas. However, this method has not been well studied as a tool to detect the depth of the surface soil layer. Questions remain about the reliability of ERI, especially in surface zones of mountainous areas. Here, we present a case study of the use of ERI to detect the surface soil thickness of hillslopes in granitic and slate watersheds in central Japan. Like invasive penetration tests and geotechnical surveys using boreholes, ERI appears to be suitable for detecting soil-bedrock interfaces, due to the high contrast of resistivity values between surface soil and bedrock layers that we found in all of the watersheds. However, ER subsurface values vary over a relatively wide range, as well as from site to site. ERI also failed to clearly identify the soil-bedrock interface at some points along our measurement line. By referring to hydrological properties of bedrocks observed in a previous study, we presume that differences in the water retention characteristics of weathered granitic bedrock are a major factor in the variation in bedrock ER values that we observed.
INTRODUCTION
On mountainous hillslopes, shallow landslides may occur when rainfall destabilizes the soil mass. In evaluating the stability of a hillslope surface soil mass using a physical model, soil thickness is among the most important factors, as it determines the mass and volume of a collapse, as well as controls groundwater generation over the soil-bedrock interface [Hiramatsu et al., 1991] . Although invasive methods, such as the penetration test using a cone penetrometer, yield the most reliable soil depth measurements, they are laborious and time-consuming. Thus, large-scale (>10 m) two-dimensional (2D) or three-dimensional (3D) soil depth distributions are difficult to obtain using a cone penetrometer because of the high spatial variability.
Electrical resistivity imaging (ERI), a noninvasive geophysical technique, is a recently introduced method used to detect the geological structure of steep slopes. ERI is usually applied to investigate deep ground structure more than 5 m below the soil surface, but has not been well investigated as a tool to survey the shallow soil layer. Nyquist et al. [2007] applied ERI to detect the thickness of the surface soil layer and reported that the soil-bedrock interface at a karst site in eastern Pennsylvania corresponded to the 1000 ohm-m counter. However, the potential of ERI as a technique for soil depth measurement is still unclear because of the limited number of studies.
In this study, we conducted ERI on hillslopes in four different watersheds of central Japan. Three of the watersheds were underlain with weathered granitic bedrock and the other with slate. To validate the ERI soil thickness results, we conducted cone penetration tests on the same slopes. In addition, we compared our ERI results with geotechnical survey data from boreholes in the granite regions. Based on these results, we examined the applicability of using ERI to detect surface soil depths.
MATERIALS AND METHODS

Electrical resistivity method
Electrical resistivity (ER) data were acquired using the E60CN Multi-electrode Resistivity System (Geopen Shanghai Ltd., China), with 0.5-1.0-m electrode spacing. Commonly used electrode geometry includes Wenner, Schlumberger, pole-dipole, and dipole-dipole arrangements. We chose the dipole-dipole arrangement for this study, as it provided the greatest spatial resolution and most sensitivity to vertical resistivity boundaries. Details of the measurement principle of ERI and array configurations have been described by, for example, Samouëlian et al. [2005] .
The data were processed to generate 2D resistivity models of the subsurface area using E-Tomo ver. 4 software for inversion analyses developed by DIA Consultants Company, Japan.
Cone penetration test
To directly measure soil depth, we conducted cone penetration tests using a Hasegawa-type penetrometer [Nishimura et al., 1987] with a 60° bit and 20-mm cone diameter. The penetrometer works as follows: a 2-kg weight free-falling 50 cm along a guide shaft strikes a knocking-head that drives the cone into the soil. The penetration resistance, Nc, is the number of blows required for 10-cm penetration. In this study, bedrock was defined as the layer with Nc exceeding 100, based on the results of previous studies conducted in granitic regions [Okimura and Tanaka, 1980; Yoshimatsu et al., 2002] .
Study sites Site A: Nishi'otafuku-Yama Experimental Watershed
The Nishi'otafuku-Yama Experimental Watershed (Fig. 1a) is in the Rokko Mountains (34°46' N, 135°16' E), Hyogo Prefecture, Japan. The bedrock underlying the watershed is equigranular Cretaceous granite, characterized by light pink feldspar, with late Cretaceous to Paleogene quartz porphyry dykes intruding in places. This granite is called Rokko granite and contains as primary minerals quartz, plagioclase feldspars, alkali feldspars, and biotite [Kasama, 1968] .
At site A in Figure 1a , the ERI survey was conducted along two lines (lines 1 and 2). The array length of each line was 55 m, with electrode spacing of 1 m. Both lines are nearly parallel to the contour lines. A borehole drilled for geotechnical investigations and groundwater level observations is located around the middle of survey line 2, as shown in Figure 1a .
The total depth of the borehole is 50.0 m. On the measurement day of ERI, the depth of ground water table was 44.4 m. Therefore, both soil layers and bedrock layers down to about 40 m were considered to be unsaturated along the whole lines.
All measurements at each site were conducted under conditions without precipitation. At site A, the antecedent precipitation for 1 week, 3 days, and 1day before measurements were 24.4, 0.0, and 0.0, respectively (Table 1) . Cone penetration tests were conducted at 36 points along line 1 and 5 points along line 2.
Site B: Fudoji Experimental Watershed
The Fudoji Experimental Watershed (Fig. 1b) is in the Tanakami Mountains (35°54' N, 135°59' E), Shiga Prefecture, Japan. The Cretaceous granite bedrock underlying the watershed is called Tanakami granite [Hashimoto et al., 2000] .
As shown in Figure 1b , the ERI survey was conducted along the hollow of an unchanneled headwater catchment. A spring was found in the downstream end of the hollow, where both soil and bedrock layers were considered to be wholly saturated.
The array line was 55 m long, with electrode spacing of 1 m. A borehole is located about 100 m northeast of the ERI line (Fig. 1b) on the middle portion of a slope. The total depth of the borehole is 15.0 m. On the measurement day of ERI, the depth of ground water table was 3.1 m. At site B, the antecedent precipitation for 1 week, 3 days, and (Table 1) . Cone penetration tests were conducted at 29 points along the line.
Site C: Kiryu Experimental Watershed
The Kiryu Experimental Watershed (Fig. 1c ) is in the Tanakami Mountains (35°54' N, 135°59' E), Shiga Prefecture, Japan. The Cretaceous granite bedrock underlying the watershed is Tanakami granite [Hashimoto et al., 2000] .
As shown in Figure 1c , the ERI survey was conducted along the hollow of an unchanneled headwater catchment. The array line was 35 m long, with electrode spacing of 0.75 m. A borehole was located in the middle of the survey line, as shown in Figure 1c . The total depth of the borehole is 15.0 m. On the measurement day of ERI, the depth of ground water table was 6.4 m. Therefore, in downstream end of survey line, groundwater aquifers were considered to be formed at depths of 1.5-2.5 m. At site C, no precipitation was observed for antedating 1 week (Table 1) . On this line, we circumstantially measured soil thickness at 48 points in the slope direction, using the iron-pole method, which was validated by comparing results with those of penetration tests [Kosugi et al., 2006] .
Site D: Kamigamo Experimental Station
The Kamigamo Experimental Station of Kyoto University (Fig. 1d, 35°04 ' N, 135°46' E) is in Kyoto Prefecture, Japan. The bedrock underlying the watershed is slate.
The ERI survey was conducted on the side slope of a channel. The array line was 6.5 m long, with electrode spacing of 0.5 m.
Along the measurement slope, no spring or seep was found. According to 10 tensiometers installed at the soil-bedrock interface along the survey line, whole slope was unsaturated on the measurement day of ERI. At site D, the antecedent precipitation for 1 week, 3 days, and 1day before measurements were 9.0, 0.0, and 0.0 respectively (Table 1) . Cone penetration tests were conducted at 13 points along the line.
RESULTS
Site A: Nishi'otafuku-Yama Experimental Watershed Figure 2a and 2b show the electrical resistivity profiles of lines 1 and 2, respectively, in Nishi'otafuku-Yama, as well as the depths of the soil-bedrock interface measured by the penetration test. The resistivity distributions of lines 1 and 2 imply the existence of three layers. The thickness of the shallowest thin layer (layer 1), which had relatively low resistivity values of about 4000 ohm-m or less, varied from 1 to 3 m. Layer 2 had relatively high resistivity values of about 4000 ohm-m or more. The line 1 profile showed a consecutive anomaly with extremely high resistivities >10000 ohm-m in the middle, from 17 to 41 m of the horizontal length. This anomaly is observed as spots on the line 2 profile. Layer 3 showed relatively low resistivity values of 500-3000 ohm-m.
As shown in Figure 2a , soil thickness, as measured by the penetration test, ranged from 38 to 308 cm on line 1. The soil-bedrock interface was well correlated with the boundary between layers 1 and 2. Consequently, we estimated that the first layers of low resistivity (<4000 ohm-m) detected by ERI corresponded to the surface soil layer. On line 2, soil thickness ranged from 160 to 267 cm. The soil-bedrock interface also appeared to be well correlated with the boundary between the first and second layers on this line, although it was more ambiguous than on line 1, as the penetration test was conducted at only 5 points. Figure 2b includes the vertical distribution of the weathering class of rock samples collected from a borehole at the 24-m point on line 2. At 0.2 m below the soil surface, we found heavily weathered granite (D H class, according to the degree of weathering suggested by the [Japanese Society of Soil Mechanics and Foundation Engineering, 1985] ) at depths of 0.2-12.7 m. Below the D H -class granite layer was less weathered granite (C L , C M classes). Based on this borehole evidence, resistivities >4000 ohm-m in layer 2 could be attributed to heavily weathered granite (D H class), whereas the layer 3 resistivities of 500-3000 ohm-m were attributed to the less weathered granite (C L , C M classes).
Thus, in Nishi'otafuku-Yama Experimental Watershed, a surface soil layer with lower resistivity appeared to overlay bedrock composed of heavily weathered granite with higher resistivity. Due to the high contrast of resistivity values in the subsurface zone, the ERI method appears to detect the soil-bedrock interface at this site. However, at some points on lines 1 and 2, we found discrepancies between the soil depths measured by the penetration test and estimated by ERI. For example, on line 1, the boundary between layers 1 and 2 was unclear around the 7-m and 43-m points. Moreover, on line 2, the soil layers at about 11 m and 14 m had high ER values. At these points, ERI did not clearly show the position of the soil-bedrock interface. Figure 3a shows results from the Fudoji watershed. Similar to Nishi'otafuku-Yama, the resistivity distribution implied the existence of three layers. Resistivity values of the shallowest thin layer (layer 1) were relatively low, ranging from 500 to 1800 ohm-m, and the thickness varied from about 0.3 to 3 m. Layer 2 had relatively high resistivity values of about 2000 ohm-m or more. Extremely high resistivities, >2500 ohm-m, were observed as a spotty anomaly, with relatively low resistivities of 1000-2000 ohm-m filling gaps among the anomalies. Layer 3 had relatively low resistivity values ranging from 1000 to 1800 ohm-m. As shown in Figure 3a , soil thickness ranged from 15 to 207 cm. The soil-bedrock interface correlated well with the boundary between layers 1 and 2. Consequently, the first layers of low resistivity (<1800 ohm-m) were thought to correspond to the surface soil layer. Figure 3b includes the vertical distribution of the weathering class of rock samples collected from a borehole about 100 m northeast of the ERI line (Fig.  1b) . Core samples collected from the borehole showed that the stratum at Fudojo Watershed was similar to that at Nishiotafukuya Watershed: a 2.4-m-thick surface soil layer underlain by a 2.7-m-thick heavily weathered granite layer (D class). Below the heavily weathered layer (<5.1 m) was a less weathered layer (C class). Although the borehole was about 100 m from the ERI line, layer 2, with resistivities >2000 ohm-m, could be attributed to heavily weathered granite (D class), while layer 3, with resistivities of 1000-1800 ohm-m, was attributed to weathered granite (C L class). Thus, in Fudoji Experimental Watershed, the surface soil layer with lower resistivity overlays bedrock with higher resistivity, validating the ERI method as a means of detecting a soil-bedrock interface. However, at some points, ERI did not clearly mark the position of the soil-bedrock interface. For example, the boundary between layers 1 and 2 was unclear at points around 31 m and 49 m. Figure 4 shows the Kiryu Watershed results. The resistivity distribution implied the existence of two layers. The shallowest thin layer (layer 1) had relatively high resistivity values of about 1000 ohm-m or greater and varied in thickness from about 1 to 2 m. Layer 2 had relatively low resistivity values of about 700 ohm-m or less. The boundary between layers 1 and 2 was relatively clearer than those at Nishi'otafuku-Yama and Fudoji. As shown in Figure 4 , the soil thickness ranged from 20 to 126 cm, and the soil-bedrock interface was well correlated with the boundary between layers 1 and 2. Consequently, the first layers of low resistivity (>1000 ohm-m) were thought to correspond to the surface soil layer.
Site B: Fudoji Experimental Watershed
Site C: Kiryu Experimental Watershed
Core samples collected from the drilling borehole to 21 m (Fig. 4) revealed a heavily weathered, 4.55-m-thick granite layer (D class) below the soil mantle. As confirmed by the geological evidence, layer 2, with resistivities < 700 ohm-m, could be attributed to heavily weathered granite (D class). Thus, in Kiryu Experimental Watershed, a surface soil layer with higher resistivity appeared to overlay bedrock composed of heavily weathered granite with lower resistivity. Due to the high contrast of subsurface zone resistivity values, the ERI method was applicable to detecting the soil-bedrock interface at this site. shown in Figure 5 , soil thickness measured by the cone penetration test ranged from 1 to 2 m. The soil-bedrock interface correlated well with the boundary between layers 1 and 2 detected by ERI. Consequently, the first layers of high resistivity (>1100 ohm-m) were thought to correspond to the surface soil layer. Due to high contrast of these subsurface zone resistivity values, ERI succeeded in detecting the soil-bedrock interface at this site.
DISCUSSION
The ER values of the surface soil and bedrock layers of watersheds A-D are summarized in Table  2 . At each watershed, ERI detected a high contrast of resistivity values between surface soil layers and ✻: Slate bedrock. Thus, ERI could detect ER differences between soil and bedrock layers, and therefore, performed well in replicating soil thickness distributions measured by the more directly invasive penetration and iron-pole methods.
As shown in Table 2 , ER values varied considerably from site to site, with larger variations in the bedrock surface layer than the soil layer. Soil layer ERs at all of the sites fell within the 500-4000 ohm-m range, whereas bedrock ER values were extremely high at the Nishi'otafuku-Yama and Fudoji watersheds but extremely low at the Kiryu and Kamigamo watersheds. Notably, ER values of the granitic bedrock of the Kiryu Watershed (Site C) were greatly lower than those of the other two granitic watersheds (i.e., Nishi'otafuku-Yama and Fudoji), even though shallow bedrock layers down to about 5 m were considered to be highly dried at both Nishi'otafuku-Yama (Site A) and Kiryu Watershed (Site C) because of the low ground water levels and the dry antecedent conditions. This is consistent with the review of Giao et al. [2008] , which found that the resistivity of granitic rock varies in a relatively wide range and considerably from site to site (160-1.3 × 10 6 ohm-m). Previous studies have indicated that rock ER is mainly affected by pore-water electric conductivity, effective porosity, water saturation degree, and clay content [Archie, 1942; Patnode and Wyllie, 1950; Chiba and Kumada, 1994; Nishimaki et al., 1999] . Katsura et al. [2009] measured the water retention characteristics of D-class bedrocks collected at Nishi'otafuku-Yama (Site A) and Kiryu (Site C) watersheds. Based on those data, we calculated the average water content of D-class bedrock in these two granitic watersheds from the surface to a 10.0 m depth to be in the high suction range (-500 to -1000 cmH 2 O). The Nishi'otafuku-Yama Watershed value (0.14) was less than that of Kiryu Watershed (0.21). Moreover, Sekine et al. [1996] indicated that ER values of granite bedrock samples increased more than two orders of magnitude as they dried when their water content ranged from 0.0 to 0.2. Thus, the difference in the water retention characteristics of the weathered granitic bedrocks is likely a major factor in the bedrock ER variations we observed. We suggest that further knowledge of shallow bedrock hydraulic properties is essential for more precise estimations of soil thickness using ERI.
CONCLUSIONS
In this study, we used invasive methods to validate the capability of the ERI method in detecting soil thickness distributions on hillslopes in one slate and three granite watersheds. We found reasonable agreement between ERI profiles and soil-bedrock interfaces in all four watersheds, although subsurface ER values varied in a relatively wide range and considerably from site to site.
ERI failed to clearly indicate the soil-bedrock interface at some points in each watershed. The difference in physical properties between soil and bedrock, which the penetration test evaluates, may not always be reflected in an ER profile, as the profile depends on several properties (e.g., pore-water conductivity, effective porosity, saturation, clay content) of subsurface materials. Thus, the combined use of the penetration test and ERI may be effective in determining soil thickness distributions on hillslopes.
Differences in the water retention characteristics of weathered granitic bedrocks may have been a major factor in the variations of bedrock ER values that we observed, as found in a previous study on the hydrological properties of bedrocks [Katsura et al., 2009] .
Further study is recommended to determine the factors contributing to the differences in bedrock ER values and to apply ERI in combination with other geophysical exploration methods, such as elastic wave exploration, to establish a more effective and reliable method to detect soil thickness distributions. 
